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2. I understand that the Patent and Trademark Office has rejected claims in the 
above-referenced case as lacking enablement, based on reasons related to the lack of success of 
gene therapy, 

3. Introgen and its collaborators have been conducting research and development of 
an Ad-p53 composition for the treatment of cancer for at least 10 years. Introgen's research and 
development has progressed to the point where its Ad-p53 composition, INGN 201 (Introgen's 
Advexin® adenovirus p53 product), which is disclosed in the present application, is involved in 
a number of clinical trials for head and neck cancer, lung cancer, breast cancer, esophageal 
cancer, glioma, prostate cancer, advanced solid tumors, bladder cancer, and ovarian cancer. See 
Table of Adenovirus-p53 Clinical Trials (Exhibit 1). INGN 201 is in phase III clinical trials for 
head and neck cancer. Phase II clinical trials are underway or have been completed for head and 
neck cancer, esophageal cancer, breast cancer, and non-small cell lung carcinoma. INGN 201 
was used or has been approved for phase I clinical trials for lung cancer, breast cancer, liver 
cancer, glioma, prostate cancer, head and neck cancer, bladder cancer, ovarian cancer, colorectal 
cancer, malignant ascites, and solid tumors from a variety of origins. 

4. Several clinical trials have been conducted for various cancers including ovarian 
cancer, lung cancer, bladder cancer, and metastatic colorectal cancer using a different Ad-p53 
construct from another company, Schering Plough.* 

5. The clinical trials discussed in paragraphs 3 and 4 involved or will involve a 
variety of administrations of Ad-p53 constructs. Administrations include: intraperitoneal. 



' See, e.g., Barnard (2000); Horowitz (1999); Kuball et al (2002); Schuler et al (2001) and the 
reference of Wills et ai, which provides the details regarding the structure of the SCH 58500 
Ad-p53 construct, which lacks protein IX. (Exhibit 2) 
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intravenous, intravesical, intratumoral, intramucosal injection, oral rinse, and broncho-alveolar 
lavage. 

6. I anticipate Introgen will proceed with other clinical trials in the future involving 
adenovirus-p53 constructs, given the success I have observed in the ongoing or previous clinical 
trials with Introgen's product, INGN 201. 

7. I declare that all statements made herein of my own knowledge are true, and that 
all statements of my own belief are believed to be true, and further that these statements were 
made with the knowledge that willful false statements are punishable by fine or imprisonment, or 
both, under § 1001 of title 18 of the United States Code, and that such willful false statements 
may jeopardize the validity of this patent, and any reexamination certificate issuing thereon. 
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EXHIBIT 1 



Table of Adenovirus-p53 Clinical Trials (as of February 2002) 



Treatment 


Cancer 


Admin 


Clinical 
Stage 


Status/Result 


INGN 201 


SCCHN (T301) 


Intratumoral 


III 


Ongoing 


INGN 201 


SCCHN (T302) 


Intratumoral 
(with 
chemotherapy) 


III 


Ongoing 


INGN 201 


NSCLC 


Intratumoral 
(with radiation 
therapy) 


II 


Combination INGN 201 
and radiation therapy 
appears more effective 
than radiation alone 


INGN 201 


SCCHN (T207) 


Intratumoral 


II 


Safe 


INGN201 


Locally advanced 
primary breast 


Intratumoral 
(with 
chemotherapy) 


II 


Study has been initiated 


INGN 201 


Esophageal 


Intratumoral 


II 


Ongoing 


INGN 201 


SCCHN (T201) 


Intratumoral 


II 


Safe; demonstrated 
clinical activity 


INGN 201 


SCCHN (T202) 


Intratumoral 
(lower dose) 


II 


Safe; trend towards 
shorter survival than 
T201 


INGN 201 


Ovarian 


Intraperitoneal 


I 


Transgene expression 
observed and increased 
expression of 
downstream marker; 
well-tolerated 


INGN 201 


Ovarian 


Intraperitoneal 
(laparoscopy) 


I 


Well-tolerated; 
potentially useful 
clinical response 


INGN 201 


Bladder 


Intravesical 


I 


Transgene expression 
observed; safe; ongoing 
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INGN 201 


Advanced solid 
tumors (colon, breast, 
prostate, sarcoma, 
NSCLC, H&N) 


Intravenous 


I 


Well tolerated at doses 
up to 1x10*^ vp; accrual 
is ongoing to further 
determine MTD; 
evaluation of p53 
expression is pending 


INGN 201 


SCCHN 


Intratumoral 

(with and 
without tumor 
resection) 


I 


Transgene expression 
and expression of 
downstream targets 
observed; safe; 
potentially useful 
clinical response 


INGN 201 


NSCLC 


Intratumoral 


I 


Transgene expression 
and apoptosis observed; 
safe; potentially useful 
clinical response 


INGN 201 


NSCLC 


Intratumoral 
(with cisplatin) 


I 


Expression observed; 
well tolerated; 
potentially useful 
clinical response 


INGN 201 


Prostate 


Intratumoral 

(INGN 201 
treatment prior 
to tumor 
resection) 


I 


Transgene expression 
and apoptosis 
demonstrated; safe 


INGN 201 


Glioma 


Intratumoral 
and intracranial 

(stereotactic 
injection 

intratumorally, 
followed by 

tumor resection, 
followed by 
injection into 
tumor bed 


I 


Expression observed; 
safe; apoptosis 
observed; ongoing 


INGN 201 


Hepatocellular 
Carcinoma 


Intratumoral 


I 


Study closed; 1 patient 
treated 
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INGN 201 


Breast 


Intratumoral 
(with 
chemotherapy) 


I 


Study closed; 2 patients 
treated 


FNGN 201 


Bronchioloalveolar 
lung carcinoma 


Broncho- 
alveolar lavage 


I 


Safe; potentially useful 
clinical response; 
ongoing 


INGN 201 


Malignant ascites 


Intraperitoneal 


I 


Study closed; 1 patient 
treated 


INGN 201 


Colorectal 


Intratumoral 


I 


Study closed; 6 patients 
treated; expression of 
downstream markers 
demonstrated 


INGN 201 


Lung 


Intratimioral 
(with and 
without 
cisplatin) 


I 


Ongoing 


INGN 201 


Oral dysplasia 
(premalignant) 


Intramucosal 
injection; oral 
rinse 




Not started 












SCH 58500 


Ovarian 


Intraperitoneal 

(with 
chemotherapy) 


mil 


Reported closed 


SCH 58500 


Lung 


Intratumoral 
(with 
chemotherapy) 


II 


Transgene expression 
observed; well-tolerated; 
enhanced local effects 
suggested with certain 
chemotherapies 


SCH 58500 


Ovarian 


Intraperitoneal 

(with 
chemotherapy) 


MI 


Well tolerated; 
expression observed; 
prolonged patient 
survival 



25139870.1 



3 



SCH 58500 


T 

Lung 


Intratumoral 


I 


Transgene expression 
and expression of 
downstream target 
observed; safe; transient 
tumor growth control 




OmGQCr 


iniraiurnorai or 


T 
1 


iransgene expression 






intravesical 




and expression of 






(with 




downstream marker 






transduction 




demonstrated after 






enhancer) 




intravesical instillation 
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Abstract 

The DNA repair process in noammalian cells is a multi-pathway mechanism that protects cells fiom the plethora of DNA damaging 
agents that are known to attack nuclear DNA, Moreover, the majority of current anticancer therapies (e.g. ionising radiation and 
chemotoxic therapies) rely on this ability to create DNA lesions, leading to apoptosis/cell death. A cells natural ability to reptair such 
DNA damage is a major cause of resistance to these existing antitumour agents. It seems logical, therefore, that by modulating these 
repair mechanisms, greater kiUing effect to anticancer agents would occur. Experimental data support this, either through knockout studies 
or by the use of pharmacological inhibitors whidi target some of the key regulatofy proteins involved in the DNA repair process. Several 
of these key DNA repair proteins which are actively under invesrigption as novel sites for intervention in cancer biology are discussed. 
© 2001 Elsevier Science B.V All rights reserved. 

Keywords: DNA repair inhibition; Cancer therapy 



1, iotroduction 

Cancer within the developed countries is on the in- 
crease, despite an improved undeistanding of the causes of 
the disease. Approximately 70% of all these cancer 
patients will receive radiation therapy, while 50% of all 
newly diagnosed cancer patients will receive some form of 
chemother^y [1]. The challenge is therefore two-fold: to 
identify new "less-toxic" anti-cancer drugs from those of 
the conventional radiation and chemotherapy treatments, or 
to improve these existing therapies, so that they become far 
more effective in the batde against cancer. Cellular DNA 
repair may provide a means of achieving some of these 
aims. 

Mechanistically, ionizing radiation (IR) and ch^othera- 
peutic drugs interfere with cell division by introducing 
DNA lesions. While both therapies tend to be more toxic to 
rapidly dividing cancer cells, they are often not sufiBciently 
specific and can affect normally growing cells [2]. As a 
result, patients often experience debilitating side effects 
[3]. For chemotherapies, such side effects can limit the 
effectiveness of the therapy, because the clinician must 
avoid exceeding the maximum tolerated dose. It may thus 
not be possible to administer sufficiently high doses of 
chemotherapeutic drugs to overcome the natural resistance 
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of the cancer cells. Causes of resistance to the effects of 
irradiation (ionisdng .oiiation) and chemotherapeutic drugs 
often stems from tl^^ a:mour's ability to overcome their 
damaging actions. A^ :AJch, DNA repair pathways are 
central to this process [4]. In fact, DNA repair is a 
double-edged sword in tumour biology. The whole repair 
machinery is vitally important to tfie maintenance of 
gosomic integrity, viability and growth of normal cells. 
However, the introduction of mutations and loss of proper 
functioning repair mechanisms in their own right may lead 
to the developmoit of neoplastic cells and cancer. It is 
diese same repair pathways that confer resistance to dse 
cancer killing effects of the most established thwapies, IR 
and chemotherapeutics (for review, see Ref. [4]). There- 
fore, it is necessary to understand these DNA repair 
pathways in order to be able to use them to our advantage 
as potential sites for developing novel anti-cancer 
therapies. Certainly, by targeting some of the key proteins 
in die DNA repair processes it is hoped that, in combina- 
tion with the existing therapies of ionizing radiation and 
chemotoxic drugs, we can improve the effectiveness of 
treatments. 



2. DNA repair in tumour development 

Tumorigenesis is a multi-step pH^ocess that reflects 
genetic alterations, which drive the p»'Ogressive tiansfonna- 



101 1-1344/01 /$ - see from matter © 2001 Elsevier Science B.V All rights reserved. 
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tion of normal cells into highly malignant derivatives. This 
"genomic instability" is fuelled by DNA damage and by 
errors introduced by the DNA replication process. A large 
diversity of factors have been identified that are either 
endogenous in source (e.g. by products from metabolism) 
or exogenous (e.g. sunlight, ionizing radiation, genotoxic 
chemicals and tobacco smoke) which may lead to an array 
of different DNA lesion types [5-8]. in view of the 
plethora of DNA damaging agents that can cause various 
lesion types, no single repair process seems to be able to 
cope with all kinds of damage. Instead, a number of 
sophisticated and interactive DNA-repair systems have 
evolved to cover most of the insults inflicted on the cells 
vital genetic information (Fig. 1). 

At least four main, partly overiapping, damage repair 
pathways are known to operate in mammalian cells [4]. 
Two pathways, which deal with a number of DNA helix- 
distorting lesions and single strand breaks, are the nucleo- 
tide-excision repair (NER) and base-excision repair (BER) 



pathways. Whereas damage that is severe enough to cause 
both strands of the DNA to break is either dealt with by 
the non-homologous aid-joining pathway (NHEJ) and/or 
the less error- prone homologous recombination pathways 
(HR)[8]. 

it is interesting to note that by targeting an individual 
pathway in the DNA repair machinery you will inadver- 
tently sensitise cells to the killing effects of therapies 
^^ch introduce differing levels of lesions into the DNA. 
For example, at low dose levels, most of the DNA damage 
caused by ionising radiation can be repaired However, 
inhibition of DNA repair pemiits the conversion of this 
otherwise repairable damage into irreparable damage and 
can thus lead to more apoptosis. So, it remains to be seen 
which repair pathways afford the greatest effects on the 
thmpeutic indexes of conventional genotoxic agents. 

3. Ezcisioin repair and single slhranded bresillc repair 



Damaqing 



Agent 



X-rays 
Oxygen radicals 
Alkylating agents 



UV light 

Potycydic 
aromatic 



X-rays 

Anti- tumour 
agents 



Replication 
errors 



Spontaneous rftactions Mrocart>ons ^^/^.p^, mmC) 



i 




A-G mematoh 
T C mismatch 
tnscrttcxi Deletion 



Qase-cxcision 
Repair (BER) 



Wudeotirie- 

exciston 
repair (NER) 



Rccomt>inational 
Repatr 
(HR.NHEJ) 



Mismatch 
repair 



Repair process 



Fig. L DNA damage and the repair mechanisms mvolved. A variety of 
damaging agents, either exogenous or endogenous in source, can induce 
different DNA damage lesion types. Consequently, the DNA damage 
repair nntechanisms are activated depending on the lesions involved. 
Abbreviations: c/5- Pt and MMC, cisplatin and Mitomycin C; (6 4)PP and 
CPD, 6-4 photoproduct and cyclobutane pyrimidine dimer; BER and 
NER, base-excision and nucleotide-excision repair; HR and NM£J, 
homologous recombination and non-homologous end joining. 



Nucleotide-excision is the principal mechanism involved 
in the removal of DNA lesions that are generated by the 
UV effects of stinlight These lesions (cyclobutane-py- 
rimidine dimers (CPDs) or pyrimidine-6-4 pyrimidone 
photoproducts) cause a distortion of the DNA [9-11], 
leading to abnormal replication. The importance of the 
ubiqtiitous NER process in maintaining genomic DNA 
integrity from the damaging effects of UV radiation is 
indicated by the fact that defects in certain repair genes of 
this pathway lead to sim-sensitive and cancer-prone genetic 
disorders in humans, such as xeroderma pigmentosis (XP) 
and Cockayne's syndrome (CS) [12,13]. 

However, it is the base-excision repair (BER) pathway, 
on the other hand, which is critical for single strand break 
(SSB) repair. The BER differs from that of NER in diat it 
also plays a role in the removal of altered chemical bases 
(e.g. abasic sites, uracil incorporation, and methylation 
sites), as well as the repair of SSB. The action of X-rays, 
the production of oxygen radicals and the effects of 
alkylating agents, such as Mitomycin C and cisplatin, are 
the principal causes of SSB damage in genomic DNA. As 
a consequence of this central role in DNA damage repair, 
as induced by genotoxic agents, the BER pathway presents 
an ideal opportunity for pharmacological intervention, as 
adjuncts to conventional therapies [14]. One of the key 
initiators for the detection and signalling of SSB repair, 
which represents a major target of interest in tumotir 
biology, is the nuclear enzyme, poly(ADP-ribose) 
polymerase-1 ot PARP-I [15]. 



4. Poly(ADP-rilt>ose) polymeirase and related proteins 

Although no human disorders are known where BER 
deficiencies have been identified, the importance of die 
BER process, in particular the participation of PARP-1, has 
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been established through various "knockout" animal and 
cellular studies [16,17]. The dependence of PARP-1 activi- 
ty on DNA breaks has led to a considerable amount of 
work towards understanding the role of PARP-1 in DNA 
repair. PARP~'~ mice are hypersensitive to high doses of 
whole body T-irradiadon and cell-lines derived from such 
mice also show an increased susceptibility to radiation and 
alkylating agent [18,19]. This has been confirmed through 
the use of PARP inhibitors, which showed that inhibition 
of PARP-1 activity results in increased sensitivity to 
chemo- and/ or radiotherapies (for review, see Ref [20]). 

The first identified PARP-1 inhibitors were based around 
the nicotinamide moiety of NAD^, where nicotinamide 
(Fig. 2) and 5-methylnicotinamide were shown to function 
as competitors of NAD"*". Subsequentiy, nicotinamide 
isosteres, such as benzamide, were synthesised and showed 
weak PARP-1 inhibition. In an attempt to find more 
specific inhibitors, 3-aminobenzamide (Fig. 2) was iden- 
tified [21]. Until recently, 3-AB has been the "bench- 
mark" inhibitor for PARP-1; however, as with most of 
these early compounds, it lacked suffici^t potency to be of 
real clinical use. The advent of high throughput screening 
(HTS) and the release of the crystal structure of tfie 



catalytic domain for chicken PARR with nicotinamide- 
analogue inhibitors incorporated [22], has generated far 
more potent, and perhaps more selective, inhibitors 
[20,23-25]. A new generation of PARP inhibitors, based 
upon the NAD^ moiety and early inhibitor studies, are 
some of the most potent, selective and soluble PARP-1 
inhibitors known to date (Fig. 2). 

It is now well established tiiat the inhibition of PARP-1 
potentiates the killing actions of several antitumour agents. 
For example, 3-AB has been shown to decrease cell 
survival of various cell-lines to the actions of bleomycin, 
1 -methyI-3-nitroso-g;uanidine (MNNG), methyl methane- 
sulfonate (MMS), 7-radiation and X-rays (for review, see 
Ref. [26]). The PARP-1 inhibitor, 4-amino-l,8- 
naphthalimide, also significantly enhanced the effect of 
7-irradiation cytotoxicity on several tumour cell-lines [27]. 
Generally, levels of kill, normally expressed as a potentia- 
tion fector at 50% inhibited growth relative to controls 
(PF50 — ratio of control JCj^ vs. sample \C^q\ have 
shown tiiat quite significant enhancements of activity by 
PARP-1 inhibitors over and above antitumour agents alone 
are achievable [28]. Interestingly, the relative PFj^ values 
VCTy much depend on the cell-line that is under inves- 




m 

Structure Activity Model 




BenamidazDte InNbrtors 

Fig. 2. PARP-1 inhibitors derived from the nicotinamide core structure. Several series of potent PARP inhibitors have been developed from the original 
binding structure of nicotinamide (NAD""). Some of the more potent structures, such as the benzimidazoles, are in or near to preclinical development (for 
review, see Ref [20]). 
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tigation, presumably indicating the resistance of some 
tumour ceils to PARP-1 inhibition, an important feaor 
when addressing the clinical direction of such drugs [28]. 

Moreover, in vivo studies have very much confirmed the 
io vitro data, where, for example, the use of 3-AB has 
demonstrated that PARP-1 inhibition will enhance the 
antitumour activity of several drugs, including bleomycin 
[29], cisplatin [30], chlorambucil [31] and cyclophospha- 
mide [32]. While in vivo treatment of mice bearing SCC7 
sarcomas, where the PARP-1 inhibitor PD 128763 was used 
in combination with 2.5 Gy of X-irradiation, caused 
tumour regressions and significant tumour growth delay 
[33]. This treatment regime resulted in more than a three- 
fold increase of the therapeutic effect of X-rays alone [33]. 
Nevertheless, despite significant work in this area, no 
PARP-1 inhibitors have so far reached chmcal trials, 
although some may be in late stage preclinical testing. 

One important issue, however, that is still outstanding, 
even with the new generation of PARP inhibitors, is 
selectivity amongst the ever expanding family of PARP 
proteins. For example, PARP-2 works in tandem with 
PARP-1 and plays a role in DNA damage repair similar to 
that of PARP- 1, although PARP-1 accounts for tfie majori- 
ty of the cellular activity seen [34]. As such, NAD'^ 
competitive inhibitors are known to inhibit PARP-2 poten- 
tially to the same affinity as PARP-1 (KuDOS, unpublished 
data). This may not pose such a problem if this inhibition 
was restricted solely to PARP-2. However, the catalytic 
domain is reasonably well conserved across the PARP 
"family" [35], and so it remains uncertain what effects 
catalytic site targeted inhibitors will exhibit on the other 
PARP funily membm such as VPARP or tankyrase. 
Furthermore, the long-term effects of PARP-1 inhibition 
are unknown. In PARP*'" mice, despite a normal pheno- 
type [18], it has been demonstrated that, on exposure to 
carcinogens such as iV-nitrosobis (2-hydroxypropyl)amine 
(BHP), the incidence of induced tumours in multiple 
organs is significantly increased from those seen in non- 
mutant treated mice [36]. Yet it looks, on balance, that the 
benefits of PARP-1 inhibition as an adjunct therapy with 
IR or chemotoxic drugs, over an "acute" treatment period 
of weeks, will outweigh any possible risks. 

Interestingly, PARP-1 is known to bind to p53 protein 
and form a tight complex with wild type as well as mutant 
forms of the p53 tumour suppressor protein [37,38]. ADP- 
ribose polymers that target specific binding sites in the p53 
protein regulate the binding properties of p53 [38]. This 
interaction has become more evident with the recent use of 
double null mutant mice, where it has been demonstrated 
that tumour-fi^ee survival of the double null mutant 
PARP''~p53~'' mice increased by 50% as compared 
with that of PARP'''^p53"'" animals [39]. These studies 
suggest that, in specific tumours expressing functional p53, 
PARP-1 inhibition may sensitise tumour cells to irradia- 
tion, while, in addition, in a p5 3 mutant background, 
PARP-1 inhibition could improve the clinical outcome by 



retarding the growth of txmiours deficient in functional p53 
[39]. 



5, Double stranded brealli repair 

Major damage to DNA, which results in DNA double 
strand breaks (DSB), is in general lethal to cells. Such 
lethal damage can arise firom a variety of factors, including 
X-rays, ionizing radiation and the use of genotoxic-chemo- 
therapeutic drugs, for example alkylating agents such as 
cisplatin. Mitomycin C, MNNG and topoisomerase 11 
inhibitors like etoposide (for review, see Ref. [5]). More- 
over, free radicals (i.e. generated oxygen species or 
peroxynitrites) as well as genomic replication involving a 
single strand break can also lead to the production of DSB 
lesions [4], 

In humans, DSB repair involves two principal but 
distinct routes, the homologous recombination (HR) path- 
way and non-homologous end-joining pathway (NHEJ). 
Both are multi-factorial transduction cascades that can halt 
either the cell-cycle machinery and/or recruit repair factors 
to the damaged site on the DNA [40,41]. Until recently it 
was thought that the NHEJ palhway was the primary 
mechanism for repairing DSBs in manunahan cells, based 
upon the fact that rodent-cell mutants for several genes 
involved in NHEJ, including Ku70, Ku86, DNA-PK, 
Ligase4 and XRCC4, all showed increasing sensitivity to 
IR, resulting in cell killing and induction of chromosomal 
abeiiations [41,42]. A number of nuclear proteins have 
been shown to have a role in the mechanism of DSB 
repair. Individual roles or fiinctions of these proteins are 
actively under investigation, and their interactions with 
other repair proteins and mechanisms are being elucidated. 
Some of the key players in the NHEJ pathway identified to 
date are discussed below. 



6. ATM, ATR and DNA-PKcs relsited ikinases 

The detection and signalling to the NHEJ pathway 
involves a number of members of the phospAatidylinositol 
3-kinase like kinase (PIKK) family. These serine/ 
threonine kinases include ATM {ataxia-telengiectasia (A- 
T) mutated), its related protein ATR (A-T related protein) 
and the DNA-dependent protein kinase catalytic subunit 
(DNA-PKcs) [43]. These enzymes fimction by binding to 
the ends of DNA generated by double strand breaks, where 
they become activated and initiate DNA repair. 

The importance of ATM as a central controlling factor 
following DNA damage involving DSB is shown by the 
number of downstream targets that it phosf^orylates, 
including p53, Brcal, Mdm2 and the ceil cycle checkpoint 
control kinases Chkl and Chk2 [44-47]. 

In humans, a homozygous ATM deficiency leads to the 
disorder known as Ataxia-telangiectasia (A-T), which is 
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characterised by cerebella ataxia, immunodeficiency, 
oculocutaneous telangiectasia and a predisposition to can- 
cer [47]. Cells derived from A-T patients and from 
ATM"'" mice display hypersensitivity to iomsing radia- 
tion, chromosomal instability and defects in the GJSy 
Gj/M checlqtoints [48-51]. Drug inhibition studies have 
confirmed the results from animal and cellular mutation 
studies. 

The fungal metabolite wortmannin, for example (com- 
pound 3a, Fig. 3), is a potent and selective inhibitor of 
PIKJC family members, including ATM, ATR and DNA- 
Pkcs [52,53]. Cells that are grown in the presence of 
wortmannin are sensitised to the killing effects of IR 
[54-56]. However, such an effect may be put down to the 



o 




3a, Wortmannin 




3b, Caffeine 
[1 ,3,7-Trimethylxanthinel 



O 




3c. LY.294,002 
[2-(4-Morphollnyl)-9-phenyl-4H-1 -benzopyran-4-one; 

Fig. 3. Structures of (farce PJKK. seriite/threoniDC family kinases ir>- 
hibitors. The natural product wortmaimin (3o) is a known inhibitor of 
ATM, P13-1C and D>H-PiCcr>. Inliroitory activity is due to covalexd 
binding within the acU/n sitcs. OxlTeine (3b) has been identified as a 
micromolar inhibitor of aud ATR, while having no activity on 
ONA-PKcs. In contrast, LY2y4002 (3c) was established as a P13-1C 
inhibitor that was subsequcrrtly shown to inhibit DNA-PKcs, but not 
ATM. This activity is at low micromolar dose range and involves 
competitive inhibition of ATR 



inhibition of DNA-PKcs as well as that of ATM. Certainly, 
wortmannin has been shown to sensitise an A-T cell -line 
(AT3BJSV, deficient in ATM) and a scid murine cell-line 
(SCF, loss of functioning DNA-PKcs, see below) to X- 
iiradiation but not UV-inadiation, indicating inhibition of 
DNA-PKcs and ATM, respectively [56]. Another, all be it 
weaker, inhibitor of ATM and ATR is caffeine (compound 
Sb, Fig. 3) [57,58]. Caffeine, as well as other xanthine 
analogues such as pentoxifylline, will, in a similar fashion 
to wortmannin, sensitise cells to y- and X-radiadon 
[57,58]. However, this modification is more specific, in 
that the inhibition of p53 phosphorylation at ser'* occurs; 
an effect directly mediated by ATM and /or ATR, while 
DNA-PKcs is seen to be resistant to the inhibitory effects 
of caffeine- like drugs [58]. 

A recent study using wortmannin showed that prolifer- 
ating cells, including tumour cells, are sensitised to a 
greater degree than normal quiescent cells, it is suggested 
that the tissue selectivity observed is due to ATM inhibi- 
tion [59]. This is an important observation because it 
means that by targeting ATM we can improve the thera- 
peutic ratio for the treatment of tumours over that of 
normal tissues. A second important finding is that p53- 
deficient cells are preferentially sensitised to radiation- 
induced killing by caffeine [60,61]. This suggests that 
agents vAuch interfere with checkpoint-related proteins 
may show selectivity for tumour cells bearing intrinsic 
defects in specific checkpoint pathways. 

Another component of the DSB repair mechanism, 
DNA-PKcs, also presents itself as an interesting target for 
pharmacological inhibition within cancer biology. This 
large nuclear kinase (465 kDa protein) worics in conjunc- 
tion with its DNA-binding components termed Ku 70 and 
80 [62,63]. It fimctions, like ATM, in the repair of DNA 
damage induced by either IR or other strand breaking 
agents [62-65]. Early studies established the importance of 
DNA-PK not only in DNA repair as a DSB detection/ 
signalling molecule, but also as a key component in the 
repair of double stiand-breaks created by V(D)J recombina- 
tion [66,67]. For example, the severe combined immuno- 
deficient mouse (or scid mouse) possesses a trimcated 
DNA-PKcs polypeptide that lacks kinase activity. This 
results in defective V(D)J recombination (the mice are 
immuno-compromised), and also an inability to effectively 
repair IR-induced DSB [68,69]. Like ATM, a DNA-PK 
inhibitor could have a major impact on enhancing the 
tumour killing effects of existing irradiation and /or 
chemotherapeutics that work by creating double strand 
DNA damage. 

To date, no known specific inhibitors of DNA-PK have 
been identified Wortmannin will inhibit DNA-PK with an 
JC50 of -250 nM but, as described, it will also inhibit 
ATM and PI-3K with IC50 values of around 25 and 5(K) 
nM, respectively [53]. AnothCT recently described Pi-3K 
inhibitor that inhibits DNA-PK activity is the low molecu- 
lar weight compound LY294002 [70,71] (compound 3c, 
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Fig. 3). On SW480 tumour cells, for example, both 
wortmannin and LY294002 gave sensitisation enhance- 
ment ratios of 2.8 and 1.9, respectively (at 10% survival), 
following inadiation [71]. This is indicative of the fact that 
LY294002 is a less potent inhibitor of DNA-PK than 
wortmannin, having an IC^q of approximately 1 to 2 p.M 
[53]. Moreover, like wortmarmin, LY294002 is non-selec- 
tive, inhibiting P1-3K. at a similar IC50. Although, it does 
possess more "drug like'' qualities than wortmannin, 
making it more useful for the identification of novel and 
specific inhibitors to DNA-PK.cs. In order to discover 
novel inhibitors to PIKK family members, modelling based 
arouTKl the published crystal structure of P1-3K active site 
bound with both wortmannin and LY294002 will be of 
interest [72]. However, no other crystal structures for 
PIKJC femily members have so far been resolved. More- 
over, the homology between the active site of the PIKK 
family members is very low, only between 25 and 30% 
[72], making an approach using homology modelling 
difficult. 

It is also worth noting that components of the OSB 
repair pathway may play a role in die modulation of the 
nucleotide excision pathway. For example. DNA-PK mu- 
tant cell-lines (scid^ V-3 and xrs 6) have been shown to 
exhibit sensitivity to UV-C irradiation (an NER pathway 
mechanism) of two- to 2.5-fold. Moreover, wortmarmin 
sensitised paroital cells in vivo when combined with UV-C 
light, but had no effect on DNA-PKcs-deficient scid cells. 
While there is no direct involvement of DNA-PK in Nl-!?^ 
a regulatory function of DNA-PK in the NER process nay 
occur [73]. 



7. Checkpoint proteins 

Another group of proteins that represent promising 
targets in cancer therapy are the cell cycle checkpoint 
proteins. As discussed above the DSB repair protein ATM 
plays a central role in controlling cell cycle checkpoint 
proteins [43]. In proliferating cells an adequate response to 
DNA damage requires more than repair of the DNA lesion. 
Upon DNA damage, signal transduction pathways called 
checkpoints are activated, which delay progression and 
allow more time for DNA repair to occur. Loss of the 
Gj/M checkpoint, for example, leads to an increased 
sensitivity to DNA-damaging agents, suggesting diat small 
molecule inhibitors of the Gj/M checkpoint response may 
be useful for targeting in cancer therapy, in combination 
with radio- and chemosensitising agents [74,75]. More- 
over, a disruption of cell cycle checkpoints in cancer cells 
may improve the therapeutic index [75,76]. This is sug- 
gested by the findings that pharmacological inhibition of 
G, checkpoints can increase sensitivity to chemotherapy in 
Gf checkpoint-deficient cells, whereas cells with normal 
checkpoints may take refuge in Gj [76]. 

Two key proteins have been identified in cell cycle 



checkpoints: Chkl and Chk2. Both are serine /threonine 
kinases, which are structurally unrelated but share some 
overlapping substrate specificities [61]. These kinases are 
involved in the downstream signalling to the cell cycle 
Gj/M and G,/S phases, respectively [77a]. Compounds 
that inhibit the Gj checkpoint by targeting Chkl/Chk2 
may be valuable in cancer therapy to enhance the effec- 
tiveness of DNA-damaging agents in tumours with defec- 
tive G| DNA damage checkpoint, such as those with 
mutated p53 [7 7b- 79]. Two such inhibitors, caffeine and 
UCN-01 (7-hydroxystaurosporine) (Fig. 4), have been 
shown to abrogate the Gj checkpoint in tumour cells by 
inhibiting ATM and Chkl, respectively [61,80]. Such 
inhibitors, when used to treat cells that have lost the 
p53-dependent checkpoint controls, result in the selective 
sensitisation of cancer cells to conventional genotoxic 
therapies over that of normal cells [80-82]. 

Few G2 checkpoint inhibitors are currently known, and 
while caffeine and caffeine analogues inhibit ATM and 
ATR protein kinases (see above), they are not considered 
to be drug candidates. UCN-01, an analogue of stauro- 
sporine, is being evaluated in Phase 1 clinical trials for the 




Caffeine ( atm / ATR > p53 



UCN-01 1 Chkl p21 

I 14-3-3a 




Cell Cycle Arrest 

Fig. 4. Model showing the points of Gj dieckpoint inhibition of caffeine 
and 7-hydroxystaurosporinc (UCN-01). DNA damage leads to two 
paraUel signal transduction pathways that prevent premature progression 
from G2 into mitosis. Chkl phosphorylates Cdc2S at serine 216, leading 
to Its sequestration into cytoplasm, thus preventing the dephosphorylation 
of Cdkl causing temporary cell cycle arrest Both cafleine and UCN-01 
abrogate Gj cell cycle arrest by inhibiting the upstream ATM and 
downstream Chkl activities, re^>ectively. However, inhibition of cell 
cycle Chkl dependent ccaitrol will lead to loss of checkpoim integrity 
only if the pSB-dcpendent signalling pathway has been compromised. 
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treatment of cancer [83]; unfortunately, it has been shown 
in vitro to inhibit several other protein kinases, making 
selectivity an issue [84]. Recently, debromohymenialdisine 
(DBH) has been identified as a selective Chkl and Chk2 
inhibitor, suggesting the possibility of controlling the cell 
cycle independent of upstream regulators, such as ATM 
[85]. 

8. O^-Alkylgmaiiiine-ONA alCcyttramfeirase 

Finally, 1 would like to briefly discuss 0*-alkylguanine- 
DNA alkytransferase (ACT), since this enzyme has been 
linked to increased resistance of cells to alkylating agents 
[86], and as such has important clinical implications. ACT 
acts to eliminate alkyl groups that have been introduced 
onto the 0*-position of guanine [87] by transferring them 
to a cysteine residue within its own active centre. The 
result of this repair mechanism is the restoration of 
guanine in the DNA and the inactivation of ACT [87]. 
0*-Benzylguanine has been shown to be a potent inhibitor 
of ACT activity, and its use has been demonstrated in 
cell -lines and isolated lymphocytes from patients with 
chronic lymphocytic leukaemia, to enhance the cytotoxici- 
ty of alkylating agents including nitrosoureas, such as 
l,3-bis-(2-chloroethyl)-l-nitrosourea (BCNU), and certain 
monofxmctional alkylating agents [87,88]. Phase I trials of 
0^-benzylguanine have already been carried out with die 
aim of modulating ACT activity and thereby circumvOTt- 
ing drug resistance in the clinic [89]. 

9. Concludiag remarEts 

There is substantial evidence that the majority of 
inhibitors that target the central "controlling'' proteins in 
DNA repair, such as PAR?, ATM, DNA-PKcs and CHKl/ 
CHK2, will dramatically improve the thea^>eutic benefits 
of the existing genotoxic therapies that currently dominate 
the cancer treatment markets. Moreover, the inhibition of 
some of these processes involved in DNA repair and cell 
cycling may in their own right prove to have direct 
anti-cancer activity. This will only become apparent once 
potent and selective inhibitors become available for phar- 
macological studies over the next few years. Nevertheless, 
there still remain many unanswered questions on the 
mechanisms whereby the damage-signalling kinases, 
ATM, DNA-PKcs for example, are activated and how they 
select and signal to the DNA repair processes. 
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